INTRODUCTION
Cholinergic interneurons (CHIs) are the major source of ACh in the striatum (Bolam et al., 1984; Kawaguchi, 1993; Lim et al., 2014; Wilson et al., 1990) . While these cells represent a small population of striatal neurons (1%-2%), their broad arborizations and tiled distribution provide dense ACh innervation throughout the striatum. CHI firing in vivo switches from tonic mode to a transient pause followed by a rebound increase that can be tightly locked to rewarding cues and related stimuli that occur during associative motor learning tasks (Aosaki et al., 1994; Atallah et al., 2014; Morris et al., 2004) . The timing of firing patterns in cholinergic interneurons (CHIs) is associated with behaviors in response to expected reward as well as aversive stimuli (Shimo and Hikosaka, 2001 ).
In the striatum, ACh signals through both ligand-gated ion channel nicotinic receptors and metabotropic G-proteincoupled muscarinic receptors. Through activation of these receptors, cholinergic transmission modulates the activity of multiple striatal circuits to regulate output activity from the striatum (Goldberg et al., 2012; Koó s and Tepper, 2002; Kreitzer, 2009; Lim et al., 2014) . Although many studies have examined the role of CHIs in striatal microcircuitry, the mechanisms by which ACh mediates synaptic transmission in the striatum still remain unclear. Striatal cholinergic transmission has often been studied by measuring the di-synaptic modulation of dopamine and GABA release. ACh-mediated release of these transmitters involves activation of presynaptic nicotinic receptors on dopamine terminals or GABAergic interneurons and requires synchronous activation of multiple CHIs (Cachope et al., 2012; Nelson et al., 2014b; Threlfell et al., 2012) . As a result of these indirect synaptic connections, it has been difficult to directly determine how the release of ACh as a result of CHI firing drives this modulation.
Muscarinic G-protein-coupled receptors regulate the integration of synaptic inputs, plasticity, firing patterns, collateral connections, and the transition to up-states of medium spiny neurons (MSNs), the output neuron of the striatum (Ding et al., 2006; Goldberg et al., 2012; Higley et al., 2009; Perez-Rosello et al., 2005; Yamamoto et al., 2013) . In the striatum, muscarinic receptors do not directly couple to endogenous ion channels but instead indirectly alter excitability through second messenger signaling cascades (Bernard et al., 1992; Calabresi et al., 1998; Goldberg et al., 2012; Pakhotin and Bracci, 2007; Pisani et al., 2002; Shen et al., 2007; Sullivan et al., 2008) . Due to the multistep processes underlying muscarinic signal transduction, it has been difficult to separate receptor activation from signaling, limiting the resolution of cholinergic signaling events onto MSNs. The pacemaking of cholinergic interneurons (Bennett and Wilson, 1999) and broad axonal arborizations (Bolam et al., 1984; Perez-Rosello et al., 2005) have been thought to create a background tone of ACh that tonically drives muscarinic receptor activation. CHIs exhibit a range of firing patterns including regular and irregular tonic activity as well as bursts and pauses (Bennett et al., 2000; Bennett and Wilson, 1999; Goldberg and Reynolds, 2011) . However, it remains unclear how the patterns of CHI firing and time course of ACh release activate cholinergic receptors on MSNs.
In the present study, G-protein-activated potassium channels (GIRK2; Kir3.2) were virally overexpressed in MSNs to provide a rapid electrophysiological readout of muscarinic receptor activation. We find that cholinergic interneurons make robust monosynaptic muscarinic connections with MSNs. Using paired CHI-MSN recordings, we show that the firing of an individual CHI is sufficient to drive a muscarinic receptor-mediated synaptic event. Despite the intrinsically slow kinetics of GPCR signaling, the rapid dynamics of these synaptic events allows the firing of individual cholinergic interneurons to be discretely encoded within MSNs as spontaneous events as opposed to tonic muscarinic receptor activation. These properties allow for reliable cholinergic transmission in response to different patterns of CHI firing.
RESULTS

Spontaneous Muscarinic IPSCs in MSNs Overexpressing GIRK2
To examine how muscarinic receptors encode cholinergic interneuron firing patterns in striatal output neurons, we virally overexpressed G-protein-coupled inwardly rectifying K + channels (GIRK2; Kir3.2) in MSNs (Marcott et al., 2014) . Injection of an adeno-associated virus (AAV) encoding tdTomato and GIRK2 under a synapsin promoter into the dorsal striatum led to the coexpression of both GIRK2 and the soluble fluorophore tdTomato ( Figure 1A ) (Marcott et al., 2014) . Out of 409 tdTomato + neurons, 366 co-expressed GIRK2 ( Figures 1A and 1B) . Expression was largely restricted from cholinergic neurons as limited GIRK2 immunoreactivity or tdTomato fluorescence could be detected in choline acetyltransferase (ChAT)-positive neurons (4 of 71 ChAT + co-expressed GIRK2) (Figures 1A and 1B) . Weak expression of GIRK2 in CHIs was likely due to the use of a synapsin promoter as we found that other AAVs using this promoter also failed to effectively transfect CHIs ( Figure S1A ). As seen previously (Marcott et al., 2014) , no GIRK2 immunoreactivity could be detected in control uninjected striatal slices ( Figure S1B ). To examine whether exogenous GIRK2 channels could couple to muscarinic receptors (mAChRs) in MSNs, we performed whole-cell voltage-clamp recordings of tdTomato + neurons in the dorsal striatum. MSNs were identified by their low input resistance, hyperpolarized resting membrane potential, and lack of hyperpolarization-activated current (Kreitzer, 2009; Marcott et al., 2014) . After allowing 21 days for expression, application of the muscarinic agonist oxotremorine M (Oxo-M) (1 mm) evoked an outward current in tdTomato + MSNs ( Figure 1C ). Overexpressed GIRK2 channels couple efficiently to endogenous Ga i/o -coupled GPCRs without altering the affinity of transmitter for the receptor (Marcott et al., 2014) . To confirm that overexpression of GIRK2 did not change the affinity of muscarinic receptors, we varied the extent of GIRK2 expression by recording from MSNs taken 3-5 days post AAV injection. In brain slices taken from mice >21 days post-AAV injection, Oxo-M evoked larger outward currents in tdTomato + neurons than in animals expressing GIRK for only 3-5 days ( Figure 1D ). Although the amplitude of Oxo-M induced outward currents were decreased (A) Immunohistochemical image illustrating AAV-induced expression of GIRK2 and tdTomato in striatal sections 2 weeks after injection of AAV2/9.hSyn.tdTomato.T2A.GIRK2.WPRE into the dorsal striatum. Shown are tdTomato, GIRK2, and choline acetyl transferase (ChAT) immunoreactivity in striatal cells indicating that AAV drove the expression of GIRK2 in non-cholinergic striatal neurons. Scale bar, 20 mm.
(B) Quantification tdTomato + and ChAT + neurons expressing GIRK2 immunoreactivity.
(C) Example voltage-clamp recording from a tdTomato + MSN. Bath application of the muscarinic agonist oxotremorine-M (1 mM) evoked an outward current.
(D) Concentration-response curves for the outward current produced from GIRK2 + MSN by bath application of Oxo-M > 21 days (purple) or 4 days (magenta) after AAV.GIRK2 injection into the striatum. There is an increase in the maximum effect produced by Oxo-M, but no change in the EC 50 . Error bars indicate ±SEM n = 4-11, **p < 0.01, Mann-Whitney. (E) Example trace from a tdTomato + MSN in an AAV-injected hemisphere (top) and a control non-fluorescent MSN in a control uninjected slice (bottom).
Iontophoretic application of ACh (100 mM, 100 ms) evoked an outward current that was blocked by the muscarinic antagonist scopolamine (1 mM) (top). No current could be evoked in control MSNs from uninjected hemispheres (bottom).
(F) ACh-mediated current voltage relationship. 10 mV voltage steps were given from À50 to À130 mV. Subtraction of the control traces from those recorded in ACh reveals a current that shows inward rectification and reverses near the predicted K + reversal potential. Error bars indicate ± SEM.
under conditions of reduced expression, the EC 50 of Oxo-M was unchanged (4 day expression: 431 nM, 95% confidence interval = 121-741 nM; >21 day expression 234 nM, 95% confidence interval = 118-350 nM) ( Figure 1D ). Iontophoresis of exogenous ACh (100 mM, 100 ms) also evoked an outward current of 285 ± 84 pA in tdTomato + MSNs (n = 8) ( Figure 1E ). The current was eliminated by the mAChR antagonist scopolamine (1 mM) (2 ± 1 pA, n = 5, p < 0.05, Wilcoxon) ( Figure 1E ). The currentvoltage relationship in response to ACh showed inward rectification and a reversal potential near the predicted K + equilibrium potential, consistent with activation of a GIRK conductance (Figure 1F) . Iontophoresis of ACh failed to evoke outward currents in control MSNs from the uninjected hemisphere (1 ± 1 pA, n = 27) ( Figure 1E ). Together, the results show that overexpressed GIRK2 channels couple to endogenous muscarinic receptors in MSNs without a change in the apparent affinity of receptors. To isolate cholinergic transmission through muscarinic receptors, we performed whole-cell recordings (V h = À60 mV) from
GIRK2
+ MSNs in the presence of glutamate, GABA, and dopamine receptor antagonists. In the absence of stimulation, recordings revealed spontaneous inhibitory post-synaptic currents (sIPSCs) that were abolished by the mAChR antagonists scopolamine (1 mM, n = 11, p < 0.001, Wilcoxon) or tropicamide (1 mM, n = 5, p < 0.05, Wilcoxon) (Figures 2A and 2F ). The frequency of sIPSCs was similar to the range of frequencies reported for CHI pacemaker firing in slices (Bennett and Wilson, 1999; Wilson et al., 1990) . While Ga q -coupled M1 mAChRs are expressed in all MSNs, Ga i/o -coupled M4 mAChRs are expressed predominantly in direct pathway MSNs (Bernard et al., 1992; Goldberg et al., 2012; Lim et al., 2014; Yan et al., 2001) . Spontaneous IPSCs occurred in roughly half of all MSNs (96 out of 202 GIRK2 + MSNs, Figure 2B ). In a subset of experiments, we expressed GIRK2 in Drd1-eYFP mice that express YFP in direct pathway, D1-receptor-containing MSNs (dMSNs). We found that sIPSCs were present in all D1-eYFP neurons tested (10 out of 10 YFP + neurons, Figure 2B ). As GIRK channels preferentially (Figures 2A and 2F ) and displayed an average amplitude of 40 ± 4 pA (2,865 events, 40 cells) that varied between 6 and 456 pA. As the level of AAV-driven GIRK2 expression varies among MSNs (Marcott et al., 2014) , the amplitude of sIPSCs was not compared across neurons. However, the amplitude of events within each MSN was normally distributed (56 ± 4 pA, n = 51 events, single cell, p > 0.05, chisquare test) ( Figure 2C ) and did not correlate with 10%-90% rise time (70 ± 1 ms, n = 51 events, single cell, r 2 = 0.03, p = 0.21, Pearson's correlation) ( Figure 2D ). These results suggest that the rate of mAChR activation underlying sIPSCs is independent of the amount of ACh released.
To examine the mechanism underlying sIPSCs, we recorded events in tetrodotoxin (TTX, 200 nM). Application of TTX abolished sIPSCs (n = 5, p < 0.05, Wilcoxon), indicating that events were action potential dependent ( Figures 2E and 2F ). In the presence of TTX, it was not possible to resolve individual miniature IPSCs above the baseline noise. Limiting Ca 2+ entry by using ACSF without added Ca 2+ (n = 5, p < 0.05, Wilcoxon), disrupting the vesicular ACh transporter with vesamicol (2 mM, n = 5, p < 0.05, Wilcoxon), or blocking GIRK channels with Ba 2+ (200 mM, n = 5, p < 0.05, Wilcoxon) eliminated sIPSCs ( Figure 2F ). These results indicate that muscarinic sIPSCs resulted from the activity-dependent vesicular release of ACh. To confirm that ACh underlying sIPSCs originated from local CHIs, we selectively expressed the lightactivated cation channel, channelrhodopsin-2 (ChR2), in CHIs by co-injecting a Cre-dependent AAV (AAV.DIO.ChR2.eYFP) into the striatum of choline acetyltransferase-IRES-Cre transgenic mice (ChAT-Cre) ( Figure 2G ). Photoactivation of ChR2-expressing CHIs (2 ms widefield light, 470 nm, $1 mW, Figure S2A ) resulted in scopolamine-sensitive muscarinic IPSCs in roughly half of all GIRK2 + MSNs examined (n = 8 of 19 neurons) ( Figure 2H ). Optogenetically evoked IPSCs (oIPSCs) were larger in amplitude and longer in duration than sIPSCs (sIPSCs: 38 ± 6 pA, 197 ± 11 ms half width n = 8; oIPSCs: 517 ± 112 pA, 237 ± 14 ms half width, n = 8 neurons, p < 0.01 for amplitude and p < 0.05 for half width, Wilcoxon) ( Figure 2I ). Electrical stimulation (0.7 ms, 20-40 mA) also evoked large IPSCs that were longer than sIPSCs (302.1 ± 18.8 ms, n = 16, p < 0.05 versus sIPSC 20% width, Mann-Whitney). Thus, the synchronous activation of multiple CHI terminals led to a large increase in mAChR activation. We confirmed that CHI firing was necessary to drive muscarinic sIPSCs using the light-driven Cl À pump, halorhodopsin, expressed in cholinergic interneurons. We co-injected a Cre-dependent AAV (AAV.DiO.eNpHR3.0-eYFP) into the dorsal striatum of ChAT-Cre mice along with AAV.GIRK2 ( Figure S2B ). Wide-field illumination of the striatum with long pulses of green light (5 s, 530 nM) led to a silencing of CHI firing during current-clamp recordings ( Figure S2C ). This resulted in a pause in sIPSCs in GIRK2 + MSNs (7.6% ± 2% of control, n = 5 neurons, p < 0.01, Wilcoxon) ( Figure 2K ). We found that while inhibiting CHI firing with halorhodopsin eliminated sIPSCs, there was no change in the holding current (99.4% ± 0.7% of control, n = 5 neurons, p > 0.05, Wilcoxon) ( Figure 2K ). The lack of a standing outward current upon silencing CHI activity suggests that muscarinic receptors on MSNs encode tonic firing of CHIs as a series of phasic events rather than a sustained level of receptor activation.
Cholinergic Interneuron Firing Evokes Unitary IPSCs
Synchronous activation of cholinergic interneurons drives the release of dopamine and GABA in the striatum from SNc terminals via presynaptic nicotinic receptors (Cachope et al., 2012; Nelson et al., 2014b; Threlfell et al., 2012) . As synchronous optogenetic activation of multiple CHIs evoked oIPSCs that were prolonged relative to sIPSCs ( Figure 2I ), we next performed paired recordings between cholinergic interneurons and GIRK2 + MSNs to determine whether the firing of an individual CHI was sufficient to evoke a muscarinic receptor-mediated IPSC. MSNs were voltage clamped at À60 mV, and CHIs were recorded in current-clamp configuration. CHIs were identified by their large size, lack of tdTomato fluorescence ( Figure 1A ), and presence of hyperpolarization activated inward current (Figure S2B) . CHI-MSN pairs were separated by less than 200 mm. Approximately 70% of recorded CHIs were synaptically connected to GIRK2 + MSNs that exhibited sIPSCs (62 of 89 paired attempts). Cholinergic interneurons were hyperpolarized to just below threshold to prevent pacemaker firing. In synaptically coupled pairs, current injection (4 ms, 150-500 pA) triggered a single action potential (AP) in a CHI that was time locked to a unitary muscarinic IPSC (uIPSCs) in the postsynaptic MSN ( Figures  3A and 3B ). Action potentials reliably evoked uIPSCs, as no failures were apparent in 560 events from 24 pairs ( Figure 3C ). CHItriggered uIPSCs activated following a lag of 39 ± 1 ms (time to 10%, n = 532 events, 24 pairs; 10%-90% rise time: 76 ± 1 ms, n = 537 events, 24 pairs) ( Figure 3B ). The latency to activation is similar to that seen in isolated systems where saturating concentrations of agonist have been applied to evoke GPCR-mediated GIRK currents (Courtney and Ford, 2014; Ford et al., 2009; Sodickson and Bean, 1996) and likely results from the intrinsic kinetics of the receptor/G protein-GIRK signaling complex (Ford et al., 2009) . Paired uIPSCs were abolished in the presence of scopolamine (1 mM) (control: 42.4 ± 19 pA, scopolamine: 3.4 ± 1 pA, n = 6 pairs, p < 0.05, Wilcoxon) ( Figure 3D ). Subthreshold depolarizations of CHIs did not evoke IPSCs. Together, the results indicate that individual CHIs make monosynaptic connections with MSNs and that, after release, muscarinic receptors are exposed to a high concentration of ACh. In a subset of experiments, we made paired recordings in the absence of GABA and glutamate receptor antagonists. Unitary IPSCs were unaffected by blocking GABA or glutamate receptors (uIPSC amplitude with antagonists: 111 ± 6% of control, n = 4 pairs, p > 0.05, Wilcoxon) ( Figures S3A and S3B ). In addition, in the absence of antagonists, no paired GABA or glutamate synaptic events were observed from CHIs to MSNs ( Figure S3A ). This was in contrast to the fast inward synaptic current that was seen in MSNs following synchronous photo-activation of multiple CHIs via ChR2 ( Figure S3C ). This confirms that synchronous CHI activation is required to evoke the disynaptic release of GABA from dopamine terminals and GABAergic interneurons (English et al., 2011; Nelson et al., 2014b; Tritsch et al., 2012) and the co-release of glutamate from cholinergic interneurons (Higley et al., 2011; Nelson et al., 2014a) onto MSNs.
During paired recordings, we observed sIPSCs unpaired with firing of the recorded CHI ( Figure 3A ). Like sIPSCs, unitary IPSCs exhibited a range of amplitudes across MSNs. The average amplitude and duration of sIPSCs were similar to that of uIPSCs when compared across cells (p > 0.05 for all sIPSC versus uIPSC, Mann-Whitney) ( Figure 3E ). Within pairs of CHIs and MSNs, uIPSCs exhibited little variability across events (coefficient of variation, CV = 0.27 ± 0.01, n = 23 pairs) ( Figures 3A  and 3F ). The stable amplitude of uIPSCs is consistent with the idea that ACh may be released from multiple CHI terminals after each AP as a result of their highly branched and varicose axonal arborizations (Bolam et al., 1984; Contant et al., 1996; Descarries and Mechawar, 2000) . Within individual MSNs, the amplitude of sIPSCs was much more variable when compared to paired uIPSCs (CV sIPSCs: 0.52 ± 0.01 CV: uIPSCs 0.27 ± 0.01, p = 0.0005, Wilcoxon) ( Figure 3F ). As each CHI-MSN paired recording showed a low variability of uIPSCs, the increased CV of sIPSCs likely results from the fact that multiple CHIs with a different number of intact synaptic connections in the slice synapse onto a given MSN. This idea is supported by the fact that in recordings made near the surface of the brain slice where axonal inputs from most CHIs would likely have been severed, MSNs exhibited low-frequency consistent amplitude sIPSCs (CV = 0.29 ± 0.01, n = 6) suggestive of only a single CHI input (Figure S3D ). In these cases sIPSCs were highly regular and the CV among events was similar to that of uIPSCs from paired recordings (p > 0.05, Mann-Whitney) ( Figure S3D ). Analysis of the CV from uIPSCs (0.27 ± 0.01) predicted that several CHIs may synapse onto each MSN. The predicted CV of spontaneous events when three CHIs were estimated to connect to each MSN (0.52) was in close agreement with that observed during recordings (0.52 ± 0.01). Together, these results suggest that multiple CHIs are connected to a single MSN.
In paired recordings between CHIs and GIRK2 + MSNs, we also found that the amplitude of uIPSCs was unaffected whether or not they were preceded by an unpaired sIPSC (isolated: 47 ± 7 pA, preceded: 52 ± 8 pA, n = 15 pairs of cells, p > 0.05, Wilcoxon, Figures 4A and 4B ). This indicates that inputs from different CHIs are likely independent. To further examine the connectivity between CHIs and MSNs, we next made loose, cell-attached recordings of CHIs while making whole-cell voltage-clamp recordings from GIRK2 + MSNs. Under these conditions, roughly one-third of sIPSCs recorded could be attributed to the paired CHI ( Figure 4C ). In the cell illustrated in Figure 3C , 31% of IPSCs were paired and 69% were unpaired ( Figure 4D ). This suggests that possibly three CHIs were synaptically coupled to that MSN. This estimation is likely an underestimate as some CHIs more superficial to the MSN recorded may have had axons severed during slicing. Across paired recordings, 38% ± 2% of all events were paired uIPSCs (n = 18 pairs) (Figure 4E ). Among cell-attached paired recordings, there was a wide distribution of the ratio between paired and total IPSCs. For individual pairs, between 23% and 55% of all sIPSCs recorded were contributed by a paired CHI (n = 18 pairs, Figure 4F ). This range indicates that between one-fifth and one-half of events were paired and suggests that in our slice recordings, a given MSN may receive input from between 2 and 5 CHIs (mean: 2.6 ± 0.2 CHIs per MSN) ( Figure 4G ). This connectivity is similar to that predicted by analyzing the CV of events (Figure 3F, above) . While CHIs with faster firing rates would contribute more to the apparent connectivity, these recordings suggest that in slices several CHIs independently converge onto each MSN.
Acetylcholinesterase Limits the Duration of mAChR Activation
The striatum contains the highest levels of acetylcholinesterase (AChE) in the brain (Hebb and Silver, 1961; Macintosh, 1941) . As the activation kinetics of sIPSCs (39 ± 1 ms lag till onset, n = 532 events) were greater than 2-fold faster than GIRK currents evoked when saturating concentrations (100 mM) of agonists were applied to other Ga i/o -coupled GPCRs on membrane patches (Courtney and Ford, 2014; Ford et al., 2009; Bean, 1996, 1998) , the activation of muscarinic receptors underlying sIPSCs likely resulted from a local high concentration of ACh. To determine the role of AChE in regulating the extent of muscarinic receptor activation, we applied a non-saturating concentration of the AChE inhibitor ambenonium (10 nM). The amplitude (control: 48 ± 11, n = 274 events, n = 6 cells; ambenonium: 85 ± 14 pA, n = 278 events, n = 6 cells; p < 0.0001, Kolmogorov-Smirnov test) and half-width (146 ± 8; ambenonium: 371 ± 23 ms n = 6 cells, p < 0.05, Wilcoxon) of sIPSCs increased in the presence of ambenonium (Figures 5A-5D ). This suggests that due to efficient enzymatic degradation, AChE limits the duration of muscarinic receptor activation.
Since silencing CHI firing with halorhodopsin did not lead to a change in holding current under control conditions ( Figures 2J  and 2K ), we next used halorhodopsin to inhibit CHI firing while blocking AChE. In the presence of ambenonium (80 nM), photoactivation of halorhodopsin (5 s) led to a decrease in the baseline holding current (control: 2 ± 3 pA change, ambenonium 70 ± 13 pA change, n = 5 cells, p < 0.05, Wilcoxon, Figure 5F ). A parallel depolarization of the membrane potential during recordings in current-clamp mode was also observed in the presence of ambenonium, but not in control conditions ( Figure S4 ). This indicates that in brain slices, tonic receptor activation only occurs when AChE is blocked. Thus, despite the background tonic firing of CHIs, AChE functions to limit the extracellular tone of ACh to prevent the tonic activation of muscarinic receptors.
Cholinergic Interneuron Regulation of MSN Output through Muscarinic Receptors
We found that muscarinic receptor activation led to the phasic activation of overexpressed GIRK channels, so we next wanted to test whether muscarinic transmission could functionally regulate endogenous signaling cascades in dMSNs over similar timescales. The next experiments were performed without overexpressing GIRK. MSNs make recurrent synapses on neighboring MSNs (Koos et al., 2004; Taverna et al., 2008; Tecuapetla et al., 2007) . As muscarinic agonists inhibit GABA transmission between MSNs (Yamamoto et al., 2013) , we next sought to examine whether the release of ACh from CHI could also transiently regulate GABA transmission through these collaterals. D1-receptor-expressing dMSNs have a higher connectivity with other dMSNs than indirect pathway MSNs (iMSNs) (Taverna et al., 2008) . We crossed D1-eYFP mice with ChAT-Cre mice in order to both visualize dMSNs and express halorhodopsin in CHIs using AAV.DiO.eNpHR3.0-eYFP. CHIs exhibit a rebound burst of APs following strong hyperpolarizations due to activation of an HCN conductance (Straub et al., 2014; Wilson, 2005) . In recordings from halorhodopsin expressing CHIs, we found that following wide-field illumination (0.5-4 s; 530 nm; $1 mW), termination of photostimulation led to a transient burst of 2-3 APs in CHIs that was time locked to the end of the light pulse (latency from end of light pulse to first AP: 71 ± 8 ms; burst interspike interval: 64 ± 7 ms) ( Figures 6A and 6B) . We recorded dMSN-dMSN pairs in the presence of the nicotinic receptor antagonist mecamylamine (5 mM) to isolate muscarinic transmission from CHIs. In successfully coupled dMSN-dMSN pairs, we found that the amplitude of GABA A IPSCs was decreased by triggering bursts of APs in CHIs 500 ms prior to evoking GABA A IPSCs (16 ± 2% decrease, n = 7 pairs, p < 0.05, Wilcoxon) (Figures 6C and 6D) . No inhibition was observed when repeating these experiments in the presence of the muscarinic antagonist scopolamine (1 mM) (10% ± 9% increase, n = 5 pairs, p > 0.05, Wilcoxon) ( Figure 6E ). Thus, while overexpressed GIRK channels allow for rapid sensing of muscarinic receptor activation at cholinergic synapses, these results show that CHI firing also endogenously drives transient inhibition of GABA release from dMSN collateral terminals though these receptors on similar timescales.
Regulation of ACh Release Transmission at Muscarinic Synapses
As the probability of transmitter release (P r ) decreases at many synapses with repeated stimulations, we next examined whether CHI firing resulted in a short-term depression of muscarinic transmission. To assess the probability of ACh release from CHIs onto GIRK2 + MSNs, we measured the paired-pulse ratio (PPR) of uIPSCs elicited by two action potentials. The amplitude of a second uIPSC was depressed relative to the first with short interpulse intervals (PPR 250 ms: 0.48 ± 0.04, n = 5 pairs, p < 0.01; PPR 500 ms: 0.6 ± 0.1, n = 5 pairs, p < 0.01, Mann-Whitney) and required several seconds for full recovery (PPR 7 s: 1 ± 0.1, n = 5 pairs, p > 0.05, Mann-Whitney) ( Figures 7A and 7D ). Shortterm depression is often indicative of a change in the pre-synaptic release of transmitter that occurs at synapses with a high probability of release. However, as both pre-and post-synaptic mechanisms can contribute to short-term depression, we also applied ACh using paired iontophoretic applications. The amplitude of the two resulting currents when ACh was applied with a 500 ms interpulse interval were the same (PPR: 1 ± 0.1, n = 3, p > 0.05, Wilcoxon), suggesting that the depression of uIPSCs was pre-synaptic in origin.
Cholinergic interneurons express muscarinic autoreceptors, which inhibit their activity. To determine whether activation of presynaptic autoreceptors contributed to the reduction in ACh release, we replaced the GTP in the presynaptic intracellular solution with the GDP analog guanosine 5 0 -2-thiodiphosphate (GDPbs) (0.6 mM) to selectively block G protein activation in CHIs without altering muscarinic signaling in postsynaptic MSNs. The GDP analog functions as a competitive antagonist of GTP binding to G proteins. Dialysis of CHIs with (GDPbs) (0.6 mM) for 6 min eliminated dopamine D2-receptor mediated IPSCs ( Figure S5 ) (Chuhma et al., 2014; Straub et al., 2014) , confirming that GDPbs blocked GPCR signaling in CHIs. We next repeated the PPR experiment after allowing for 8-10 min for GDPbs to fully dialyze CHIs. GDPbs dialysis of CHIs however did not alter the PPR of muscarinic uIPSCs at interspike intervals of 250 ms and 2 s when compared with control (intracellular GTP) recordings (PPR 250 ms: 0.44 ± 0.04; PPR 2 s: 0.75 ± 0.03, n = 7 pairs, p > 0.05 relative to control, Mann-Whitney) (Figures 7B and 7C) . While the D2 receptors underlying D2-IPSCs likely reside at somatodendritic sites as opposed to muscarinic autoreceptors at CHI terminals, the lack of effect of GDPbs on muscarinic uIPSCs suggests that over the timescales examined, autoreceptors do not alter ACh release probability at muscarinic synapses.
To test whether any of the depression resulted from postsynaptic saturation of receptor signaling to G proteins and GIRK channels, we repeated PPR analysis in the presence of a low ($IC 50 ) concentration of the muscarinic antagonist tropicamide (20 nM). Tropicamide reduced the amplitude of uIPSCs by approximately half (43% ± 14%, n = 5, p < 0.05 Wilcoxon) (Figure 7D, inset) . Despite the reduction in amplitude, the PPR was unchanged (PPR 250 ms: control 0.48 ± 0.04, tropicamide 0.53 ± 0.05, n = 5 pairs each, p > 0.05, Mann-Whitney; PPR 2 s: control 0.74 ± 0.01, n = 4, tropicamide 0.75 ± 0.03, n = 5 pairs, p > 0.05, Mann-Whitney). Using GDPbS internal in conjunction with bath application of tropicamide (20 nM) produced no further reduction in uIPSC amplitude or the PPR (PPR 250 ms: 0.58 ± 0.04; PPR 2 s: 0.69 ± 0.05, n = 4 pairs, p > 0.05 relative to control, tropicamide, and GDPbS groups, Mann-Whitney). These results suggest that the observed depression does not result from activation of presynaptic autoreceptors or saturation of postsynaptic signaling cascades but instead may be due to intrinsic short-term depression of ACh vesicle release. CHIs are autonomous pacemakers that fire at low frequencies (Bennett and Wilson, 1999) . To determine the implications of tonic CHI firing on muscarinic transmission, we introduced trains of action potentials to CHIs at 2 Hz for 5 s ( Figure 8A ). Trains of action potentials evoked a marked depression of uIPSCs (Figure 8A) . Despite the depression in amplitude, all action potentials in the train led to an IPSC such that no failures were observed ( Figure 8A , 2,440 events, 6 pairs). At 2 Hz, the majority of the depression occurred after the first action potential of the train such that the amplitude of the IPSC did not depress in subsequent events (p < 0.05, n = 6 pairs, Tukey-Kramer test) (Figure 8B) . Coinciding with the decrease in amplitude, there was a decrease in variance of the amplitude of events across multiple trials (first pulse variance: 122 ± 44 pA 2 , tenth pulse: 33 ± 9 pA 2 , n = 6 pairs, p < 0.05, Wilcoxon) ( Figure 8C ). The decrease in amplitude of events and the associated decrease in variance suggest that resting CHIs display a moderately high probability release profile, which lowers upon tonic activity. Recordings in which presynaptic GTP was replaced with GDPbS showed no differences in uIPSC amplitude relative to the first pulse in the train (n = 5 pairs, p > 0.05 for all events in the train, Mann-Whitney), indicating that autoreceptors do not underlie depression due to tonic firing. Directly testing the change in P r with low extracellular Ca 2+ (0.5 mM) was difficult because of the strong regulation of CHI pacemaker firing by Ca 2+ -activated potassium (SK) channels (Bennett and Wilson, 1999) . As a result, we found that in low extracellular Ca 2+ (0.5 mM) there was dramatic increase in the frequency of sIPSCs that often summated, occluding resolvable uIPSCs. Lastly, we set out to examine how muscarinic transmission in MSNs is regulated during tonic cholinergic patterns of activity. CHIs can fire in both single spikes and burst patterns in response to salient stimuli (Goldberg and Reynolds, 2011; Morris et al., 2004; Schulz and Reynolds, 2013) . While hyperpolarizing CHIs to limit pacemaker firing, we found that a burst of action (D) PPR (P 2 /P 1 ) for uIPSCs plotted against ISIs of 100, 250, 500, 1,000, 2,000, 4,000, and 7,000 ms. PPR is illustrated for uIPSCs under control conditions (black) and in the presence of an IC 50 concentration of tropicamide (20 nM) (gray). Inset: inhibition of evoked IPSCs by the IC 50 concentration tropicamide (20 nM) (p < 0.05, n = 5, Wilcoxon matched-pairs signed rank). Error bars indicate ± SEM. potentials (5 APs at 20 Hz) produced strong depression such that the burst-evoked uIPSCs were of similar amplitude to uIPSCs evoked with a single action potential (111% ± 6% of single uIPSC, n = 9, p > 0.05, Wilcoxon, Figures 8D and 8E) . In contrast, when IPSCs were depressed by evoking a train of 20 action potentials at 2 Hz, bursts of APs following a 1 s pause led to an alleviation of depression (230% ± 14% of last pulse, n = 6 pairs, p < 0.05, Wilcoxon) that was not observed with only a single action potential (120% ± 9% of last pulse, p > 0.05, n = 6 pairs, Wilcoxon) (Figures 8F-8H ). Rebound burst firing of CHIs in vivo is tightly locked to rewarding cues and associated stimuli that occur during reward-based learning tasks (Aosaki et al., 1994; Atallah et al., 2014; Morris et al., 2004) . Together, these findings suggest that as a result of short-term depression, the extent of ACh release can be modulated in response to these patterns of firing.
DISCUSSION
M4 receptors are the most highly expressed class of muscarinic receptors in the striatum (Bernard et al., 1992; Yan et al., 2001 ). These inhibitory receptors are localized primarily in dMSNs (Bernard et al., 1992; Yan et al., 2001) , where they decrease excitability (Howe and Surmeier, 1995) and oppose dopamine D1-receptor induction of glutamate long-term plasticity (Shen et al., 2015) . Increasing M4-receptor activity in vivo rescues L-DOPAinduced impairments in synaptic plasticity and L-DOPA-induced dyskinesia in animal models (Shen et al., 2015) . As animals lacking M4-receptors selectively in dMSNs exhibit increased locomotor activity and behavioral sensitization to psychostimulants (Jeon et al., 2010) , muscarinic GPCR signaling through these receptors is an important regulator of the striatonigral pathway. Despite the importance of these receptors in regulating striatal function, it has remained unclear how the release of ACh drives the activation of muscarinic receptors on MSNs. Using GIRK2 channels as a readout of muscarinic activation, our results show that muscarinic receptors on dMSNs receive independent, phasic synaptic inputs from CHIs. The firing of a single action potential in CHIs evoked unitary GIRK-mediated IPSCs in post-synaptic dMSNs. Our results also indicate that the physiological and anatomical characteristics of CHIs allow for consistently depressed ACh release during CHI tonic firing. Despite this depression, muscarinic M4-receptors reliably encode ACh release evoked by physiological CHI firing patterns without failure. As a result of the depression of ACh release during physiological firing of CHIs, MSNs increase their dynamic range of receptor activation, potentially allowing for differential behavioral responses in response to influential stimuli. We found that in the absence of GIRK, muscarinic receptors also could rapidly regulate dMSN output locally in the striatum through an inhibition of axon collateral synapses. Thus, the firing of CHIs may be endogenously encoded in striatal circuits through the transient inhibition of local circuits.
Although CHIs only comprise a small percentage of neurons in the striatum, their tiled distribution and extensive arborizations position them to modulate a large MSN population. Cholinergic terminals have been found to make sparse synaptic connections ($3% synaptic incidence) with MSN dendrites, occurring primarily at symmetrical synapses (Bolam et al., 1984; Contant et al., 1996; Descarries and Mechawar, 2000) . Despite this low connectivity, monosynaptic rabies-tracing studies that have mapped CHI inputs to MSNs have found that CHIs are extensively connected with multiple dMSNs (Salin et al., 2009) . Interestingly, the connections formed between CHIs and MSNs using rabies stands in contrast to similar studies that have examined SNc dopamine inputs onto MSNs (Wall et al., 2013) . While SNc terminals provide abundant innervation to the striatum, monosynaptic rabies tracing approaches have found that only a small proportion of the total dopaminergic inputs are labeled (Wall et al., 2013) . One possibility for the increased monosynaptic rabies labeling of cholinergic synapses may be that CHI terminals span shorter distances to MSN dendrites than DA synapses. The symmetrical synapses formed between CHIs and MSNs where M4-receptors have been found (Hersch et al., 1994) , may therefore be the cholinergic synapses labeled with trans-synaptic rabies mapping.
We found that CHI firing resulted in consistent amplitude muscarinic IPSCs. The low failure rate, low coefficient of variation, and high probability of release of IPSCs suggest that each CHI action potential drives release of transmitter from many active release sites. The large number of active terminals likely allows for the overall stable amplitude of muscarinic events. This may be similar to other synapses at which multiple release sites and a high probability of release contribute to high-fidelity post-synaptic receptor activation (Buhl et al., 1994; Kraushaar and Jonas, 2000; Marty et al., 2011; Silver et al., 1998) . During the course of these experiments, we were unable to resolve miniature events resulting from spontaneous vesicle release. One possibility may be that the large number of active zones, in conjunction with the slow kinetics of relatively small events, may have been below the level of detection. Future studies using mean-variance quantal analysis or noise deconvolution may elucidate the quantal characteristics of ACh release at this synapse.
ACh release exhibited robust paired pulse depression at these synapses. This depression was presynaptic in nature, as decreasing postsynaptic receptor activity did not alter the paired-pulse ratio. As a result of this depression, during pacemaker firing cholinergic transmission likely exists under a basally depressed state. A decrease in uIPSC variance coincided with the depression of ACh release, indicating that not all release sites are active during a given action potential (Clements and Silver, 2000; Scheuss and Neher, 2001) . The decreased probability of release as a result of short-term plasticity could allow for a larger dynamic range of muscarinic receptor activation from a single CHI. During reward-based learning tasks, pauses in CHI firing are followed by a rebound burst (Aosaki et al., 1994; Atallah et al., 2014; Chuhma et al., 2014; Morris et al., 2004; Straub et al., 2014) . Thus, tonic depression of ACh release at basal CHI firing rates results in differential muscarinic receptor activation in response to burst firing, effectively allowing for bi-directional dynamics in this system and amplifying the range of receptor activation in response to salient cues.
The autonomous pacemaking of cholinergic interneurons (Bennett and Wilson, 1999) has been thought to create a background tone of ACh. The present results however show that the firing of individual CHIs evokes the local release of ACh in the striatum sufficient to evoke phasic receptor activation. We found CHI firing could transiently activate muscarinic receptor signaling either through GIRK channels or the endogenous inhibition of GABAergic collaterals. Thus, although cholinergic firing does not correlate with MSN firing at the cell body level (Adler et al., 2013) , time-locked CHI activity can rapidly alter terminal transmitter release from dMSNs. This is similar to the rapid muscarinic receptor-mediated inhibition that has been observed at corticostriatal synapses onto MSNs (Pakhotin and Bracci, 2007) . Rather than directly modifying MSN excitability, muscarinic receptors may therefore evoke subtle changes in MSN activity. Similar to muscarinic receptors, dopamine receptors do not acutely regulate MSN excitability through direct interactions with ion channels (Gerfen and Surmeier, 2011; Kreitzer, 2009) . Instead, recent studies have found that dopamine receptors can drive rapid effects through second messenger signaling cascades to regulate integration and plasticity in MSNs on a shortlatency millisecond timescale (Swapna et al., 2016; Yagishita et al., 2014) . Dopamine D1 receptors on dMSNs have been shown to promote spine growth in response to brief stimulation of dopamine release (Yagishita et al., 2014) . Dopamine D1 receptors and muscarinic M4 receptors in dMSNs oppose one another's downstream signaling activity (Shen et al., 2015) . As dopamine receptors and muscarinic receptors can both signal transiently, the opposing firing patterns of dopamine neurons and CHIs likely shape the properties of transmitter release from dMSNs. Because transient muscarinic receptor activation on dMSNs is involved in disconnecting the microcircuit through collateral inhibition in the striatum, CHIs could play an integral role in temporally segregated modulation of local striatal connectivity. Recent work studying the timing of striatal GPCR activation has begun to elucidate the rapid biochemical effects of receptor signaling. Our results show that firing of individual CHIs leads to temporally and spatially localized muscarinic receptor activation, providing insights into the initial stages activating these pathways. The faithful time-locked response of muscarinic receptors on MSNs could thus prove critical in controlling CHIregulated behaviors.
EXPERIMENTAL PROCEDURES Stereotaxic Injections
All procedures were performed in compliance with guidelines of the Institutional Animal Care and Use Committee at Case Western Reserve University. Both male and female wild-type C57BL6, ChAT-internal ribosome entry siteCre heterozygote, and D1-eYFP mice were injected at postnatal day 21. D1-eYFP mice were kindly provided by Dr. Veronica Alvarez at NIAAA (NIH). All other animals were from The Jackson Laboratory. The injection coordinates were (relative to bregma): AP +1.15 mm, ML À1.85 mm, DV À3.35 mm. A volume of 300 nL of AAV9.hSyn.tdTomato.T2A.mGIRK2-1-A22A.WPRE.bGH and/or 300 nL of AAV5.EF1a.DIO.hChR2(H134R)-EYFP.WPRE.hGH or 300 nL of AAV1.EF1a.DIO.eNPHR3.0-EYFP.WPRE.hGH were injected into one hemisphere of the striatum. All AAVs were from the University of Pennsylvania Viral Core unless otherwise specified. Animals were allowed to recover for $1-4 weeks to allow for expression.
Immunohistochemistry AAV9 injected mice were anesthetized and transcardially perfused with icecold PBS containing 137 mM NaCl, 1.5 mM KH 2 PO 4 , 8 mM NaH 2 PO 4 , and 2.7 mM KCl (pH = 7.4) followed by 4% paraformaldehyde in PBS. Brains were rehydrated overnight in 30% sucrose. Slide-mounted sections were permeabilized with 0.1% Triton X-100 in PBS (PBS-T) and blocked in 5% normal donkey serum in PBS-T (2 hr, room temperature). Slides were washed and incubated with 1:200 goat anti-ChAT (Millipore) and/or rabbit anti-Kir3.2 (Alomone Labs) antibodies, diluted in blocking buffer, for 72 hr (anti-ChAT) at 4 C. Slides were then washed and incubated for 6 hr in 1:1,000 donkey anti-goat 647 (ChAT staining) and washed. For GIRK staining, slides were then incubated for 2 hr in 1:500 donkey anti-rabbit 488 (Abcam). Fluorescent confocal images were obtained using a Zeiss LSM 510 META laser scanning confocal microscope (Carl Zeiss) with a 403 Plan-Neofluar, NA 1.3, oil-immersion lens. All images were processed using ImageJ, n = 5 animals examined.
Slice Preparation
Striatal coronal slices (240 mm) were made in ice-cold sucrose cutting solution containing: 75 mM NaCl, 2.5 mM KCl, 6 mM MgCl 2 , 0.1 mM CaCl 2 , 1.2 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 2.5 mM D-glucose, and 50 mM sucrose; bubbled with 95% O 2 and 5% CO 2 . Slices were incubated at 35 C for at least 45 min in ACSF containing:
126 mM NaCl, 2.5 mM KCl, 1.2 mM MgCl 2 , 2.4 mM CaCl 2 , 1.2 mM NaH 2 PO 4 , 21.4 mM NaHCO 3 , and 11.1 mM D-glucose; and 10 mM MK-801 bubbled with 95% O 2 and 5% CO 2 . Slices were transferred to the recording chamber and perfused with ACSF (34 C ± 2 C) at 2 mL/min. Solutions contained DNQX (10 mM), picrotoxin (100 mM), CGP55845 (300 nM), SCH 23390 hydrochloride (1 mM), and sulpiride (200 nM). MSNs were visualized using a BXWI51 scope (Olympus) with IR gradient contrast optics and custom-made LEDs.
Electrophysiology
Recordings were performed using Axopatch 200A and Axopatch 200B amplifiers (Molecular Devices). Membrane potentials were not corrected for liquid junction potentials. CHIs were identified by the presence of large h-current when stepped to À110 mV in voltage clamp. Patch pipettes (1.5-2 MU) for MSNs contained 115 mM K-methylsulphate, 20 mM NaCl, 1.5 mM MgCl 2 , 10 mM HEPES(K), 10 mM BAPTA-tetrapotassium, 1 mg/mL ATP, 0.1 mg/mL GTP, and 1.5 mg/mL phosphocreatine (pH 7.4), 275 mOsm. Pipettes for recordings of CHIs contained 135 mM D-gluconate(K), 10 mM HEPES(K), 0.1 mM CaCl 2 , 2 mM MgCl 2 , 0.1 mM EGTA, 1 mg/mL ATP, 0.1 mg/mL GTP, and 1.5 mg/mL phosphocreatine (pH 7.4), 275 mOsm. All recordings were acquired with Axograph X (Axograph Scientific) at 10 kHz. Voltage-clamp and cell-attached recordings were filtered to 2 kHz. MSNs were held at a voltage of À60 mV. No series resistance compensation was used, and cells were discarded if their series resistance exceeded 15 MU. Light-evoked ACh release was stimulated by wide-field illumination with 488 nm blue light (2 ms pulse, $1.0 mW/mm 2 ). Halorhodopsin-mediated inhibition of CHI firing was induced by wide-field illumination with 570 nm green light (2-5 s, $1.0 mW/mm 2 ). All drugs were perfused via bath application unless otherwise noted. ACh was applied via iontophoresis (100 mM, 160 nA ejection, 25-50 ms; 1 pulse/min). For paired dMSN-dMSN recordings, the presynaptic MSN internal solution contained: 135 mM D-gluconate(K), 10 mM HEPES(K), 0.1 mM CaCl 2 , 2 mM MgCl 2 , 0.1 mM EGTA, 1 mg/mL ATP, 0.1 mg/mL GTP, and 1.5 mg/mL phosphocreatine (pH 7.4), 275 mOsm. Presynaptic MSNs were held near À60 mV and APs were evoked by a 4 ms injection of 800 pA. For recording the postsynaptic MSN, an internal solution containing 135 mM CsCl, 0.1 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES(K), and 0.1 mM EGTA was used. Postsynaptic MSNs were held at À70 mV. GABA A IPSCs were recorded as inward currents (E Cl À = $0 mV). Recordings were performed in the presence of SKF 38393 (10 nM).
In the subset of experiments in which muscarinic, GABAergic, and gluatamatergic transmission was assessed, postsynaptic MSNs were recorded with an internal solution containing: 57.5 mM K-methylsulphate, 67.5 mM KCl, 10 mM NaCl, 50 mM CaCl 2 , 1.75 mM MgCl 2 , 10 mM HEPES(K), 5 mM BAPTA-tetrapotassium, 50 mM EGTA, 1 mg/mL ATP, 0.1 mg/mL GTP, and 1.5 mg/mL phosphocreatine (pH 7.4), 275 mOsm (final Cl À concentration =
mM).
Materials Picrotoxin, TTX, DNQX, and MK-801 were obtained from Ascent Scientific. ACh, Vesamicol, Tropicamide, Ambenonium, CGP 55845, scopolamine hydrobromide, SKF 38393, and SCH 23390 were from Tocris Bioscience. K-methylsulphate was from Acros Organic and BAPTA was from Invitrogen. All other chemicals were from Sigma-Aldrich. where CV sIPSC and CV uIPSC represent the coefficients of variation for sIPSCs and uIPSCs, respectively, n represents the number of CHIs connected, and m uIPSC and m totalISPC represent the mean amplitudes of uIPSCs and the total population of uIPSCs and sIPSCs, respectively.
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